Diethylnitrosamine (DEN) was injected into fertilized turkey eggs. After incubation for 24 days, the livers of the embryos were removed and investigated by means of histological and enzyme-histochemical methods. Doses of 2 and 5 mg DEN per egg had no effect on mortality and embryo weight but induced various types of foci of altered hepatocytes. In addition, a replacement of the trabecular structure of the liver by a tubular arrangement of the hepatocytes and markedly enlarged hepatocytes were found. The diethylnitrosamineinduced foci of altered hepatocytes were very similar to the preneoplastic lesions that occur in the liver of mammals during hepatocarcinogenesis and are regarded as early indicators of carcinogenicity. The presented in ovo model is a simple (1 dose), rapid (24 days), and inexpensive (no animal housing) approach for the induction of foci of altered hepatocytes. The sensitivity of this carcinogenesis bioassay appears to be comparable to that of lifetime studies in rodents. It is proposed that the induction of preneoplastic foci of altered hepatocytes in ovo is a valuable screening model for hepatocarcinogenic effects.
INTRODUCTION
Foci of altered hepatocytes (FAH) are an outstanding feature of chemically induced hepatocarcinogenesis. Various types of FAH have been described and are regarded as preneoplastic lesions (3) . A number of experiments indicated a predominant sequential development from glycogenotic (clear and acidophilic) cell foci through mixed and basophilic cell foci to benign and malignant neoplasms (1, 8, 27, 28, (42) (43) (44) . FAH may develop to hepatocellular tumors without any further treatment and, therefore, are a favorite subject in investigations on hepatocarcinogenesis and for carcinogenesis bioassay (5, 17, 18, 32) . Because the occurrence of FAH is perceivable only in tissue not in cell culture systems, experiments in whole animals are required although immortalized cell lines have been described (24) that are phenotypically similar to the FAH observed in situ. Carcinogenicity testing based on the induction of tumors in whole animals usually requires more than 2 yr, and the growth of the tumors may be painful. Using preneoplastic lesions as end points in carcinogenicity testing (2) may shorten the required time to a few months. Because these experiments are terminated before clinically manifest tumors occur, the animals will not suffer from tumor growth or metastasis. However, some frequently used protocols include partial hepatectomy for the enhancement of the carcinogenic effect by regenerative proliferation, thus requiring abdominal surgery in animals already exposed to the test chemical (19) . Recently, we reported that the in ovo exposure to N nitrosomorpholine and urethane resulted in FAH detectable in liver samples removed from turkey embryos 4 days before hatching (9) . In the present paper, we investigated the effect of a third hepatocarcinogen, diethylnitrosamine (DEN), administered at different dose levels on the development of FAH in ovo. Several histochemical reactions frequently used for the evaluation of preneoplastic liver lesions in rodents were performed on the liver samples in order to find the most suitable marker for FAH in ovo.
MATERIALS AND METHODS
In ovo Treatment. Fertilized turkey eggs were provided by a local turkey hatchery. The eggs were placed on incubator trays and set in an incubator at 37.8 ± 0.5°C and 70 ± 10% relative humidity. DEN was administered as single doses of 0.5, 1, 2, and 5 mg/egg prior to incubation of the eggs or during the first hours of incubation. To avoid cooling, only a small number of eggs were removed from the incubator at one time to inject the test substance. The eggs were positioned with the large end pointing upward during treatment. After swabbing the injection site with 70% ethanol, the shell was pierced = 2 cm from the pointed end using a pair of scissors. The test substance was injected into the white of the egg using a 0.4-mm hypodermic needle, and the injection site was sealed with adhesive tape. Control eggs were injected with an equivalent volume of the vehicle. All experiments were terminated 4 days prior to hatching.
Parts of the livers were fixed in Bouin's fluid and embedded in paraplast for subsequent histological examination or frozen by immersion in isopentane at -140°C and stored at -80°C until investigation. Three sections of each paraplast-embedded sample were stained with hematoxylin and eosin. Histochemical reactions were performed on 6-mm cryostat sections unless otherwise stated.
Histochemical Methods. The demonstration of the glycogen was carried out with the periodic acid-Schiffreaction (PAS). The activities of the adenosine triphosphatase (41 ) and the activity of the glucose-6-phosphatase (6) were demonstrated by the lead salt method.
The gamma-glutamyl transferase test largely followed the method of Kalengayi and Desmet (20). Lipids were removed from the native cryostat sections in a chloroform-acetone mixture ( 1:1 ) at -20°C, and the test reaction employed the dialysis membrane method (14) .
The test for glycerin-3-phosphate dehydrogenase followed the description of Enzmann et al (10) , with no acetone treatment. The test for glucose-6-phos- (14) .
The tests for glycogen phosphorylase, glycogen synthase, succinate dehydrogenase, and glycerol aldehyde-3-phosphate dehydrogenase were performed as described previously (11, 13, 14, 16) .
RESULTS
The mortality of the embryos was not increased by injection of up to 5 mg DEN per egg prior to incubation. The embryo weight at the time of section appeared not to be altered. A tendency toward an increased relative liver weight was observed for the groups exposed to 1, 2, and 5 mg DEN per egg (Table I ). In these groups, the statistical variance of both embryo weight and liver weight considerably increased. Treatment-induced macroscopically detectable liver alterations were found after treatment with 5 mg DEN per egg. The livers of these embryos frequently were of greenish color, and the blood vessels appeared more prominent. out of 7 embryos and after injection of 2 mg in 3 out of 10 embryos, but not after lower doses.
The phenotype of the FAH induced in ovo by DEN closely corresponded to the phenotypes observed in rats. Glycogenotic clear cell foci were composed of enlarged hepatocytes with optically empty cytoplasm (Fig. 1 ). The nuclei of the clear cells appeared normal and occasionally smaller than the nuclei of the surrounding tissue. DEN-induced clear cell foci in ovo were usually well demarcated from the surrounding tissue. Mitoses were hardly found in the clear cell foci, and compression of the surrounding tissue was never observed. Basophilic cell foci were very different in cytologic and histologic appearance. Some of the basophilic cell foci were composed of cells that exhibited a diffuse basophilia in the cytoplasma. The cells of this type of basophilic liver focus were clearly smaller than the surrounding hepatocytes ( Fig. 2 ). It must be kept in mind, however, that the surrounding cells frequently were larger than hepatocytes in untreated control embryos. Occasionally, mitoses were found in these basophilic cell foci ( Fig. 3 ). Other types of liver cell focus exhibited enlarged hepatocytes with intense cytoplasmic basophilia. This type of lesion occurred less frequently than other basophilic liver cell foci. The enlarged hepatocytes were arranged in tubular structures (Fig. 4 ). The foci were well demarcated from the surrounding liver. Although mitotic figures were frequent, this type of focus was never found to compress the surrounding liver. Another type of DENinduced lesion was characterized by large hepatocytes with intensely acidophilic cytoplasma. The PAS reaction revealed an increased storage of glycogen in these cells. Although focally arranged hepatocytes of this phenotype were observed, this type of lesion was less well demarcated from the surrounding tissue than the other types of focus. In this intensely acidophilic type of lesion, mitoses were occasionally seen.
In cryostat sections stained with Toluidine blue, FAH were easily recognized by the enhanced cytoplasmic basophilia (Fig. 5 ). The majority of FAH showed a decreased activity of glycogen phosphorylase. In serial sections, the PAS reaction frequently revealed a decreased or inhomogenous glycogen content (Fig. 6 ). In liver samples of embryos exposed to 5 mg DEN, the enzyme histochemical demonstration of glycogen synthase resulted in an inhomogenous staining pattern. Wide parts of the liver parenchyma showed a decreased activity of glycogen synthase resulting in the appearance of focuslike groups of hepatocytes with normal activity. No correspondence between the activity of the glycogen synthase and the FAH with altered activity of the glycogen phosphorylase was found. The activity of the glucose-6-phosphatase ( Fig. 7 ) and the adenosine triphosphatase (Fig. 8 ) was decreased in a minority of foci.
Enzyme histochemical demonstration of gammaglutamyl transferase, glucose-6-phosphate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase, succinate dehydrogenase, and glycerol-3-phosphate dehydrogenase failed to detect any differences between FAH and the surrounding tissue. In addition to the FAH characterized by decreased activity of glycogen phosphorylase (Fig. 9 ), a few FAH with normal or slightly increased activity, but with polyglucane-iodine complexes of a different color, were observed (Fig. 10 ). The staining of the polyglucanes synthesized during the enzyme histochemical reaction with Lugol's solution resulted in a slightly violet-tinged rather than the usual brownish reaction product. In PAS-stained serial sections, these FAH had a decreased or normal glycogen content (Fig. 11 ). Foci with decreased activity of glycogen phosphorylase and/or with enhanced cytoplasmic basophilia were the most frequent phenotype. In embryos exposed to 5 mg DEN, 2.45 foci/cm2 with decreased activity of the glycogen phosphorylase and 1.02 foci/cm2 with increased cytoplasmic basophilia were observed. In embryos exposed to 5 mg DEN per egg, the livers exhibited hepatocytes with distinctly enlarged nuclei and prominent nucleoli. In some samples, considerably enlarged hepatocytes with acidophilic cytoplasm occurred in the centrolobular zone (Fig.  12 ). Extracellular deposits of brownish substances (bile pigments) were occasionally observed in this cell population (arrow in Fig. 12 ). In other regions of the liver, the trabecular structure of the parenchyma was replaced by a tubular structure (Fig. 13 ). The hepatocytes in these tubular formations had a slightly basophilic cytoplasm with only a few vacuoles (Fig. 14) . In embryos exposed to 5 mg DEN, frequently the whole liver was composed of a mixture of small basophilic hepatocytes and large acidophilic hepatocytes including cells with a groundglass appearance. These altered cell populations resembled foci of the mixed cell type well known from carcinogen-exposed rodents.
DISCUSSION
In ovo experiments in toxicity testing may fill the gap between experiments with whole animals and cell culture systems, combining some advantages of both approaches. Hatching eggs is much less expensive than the keeping of experimental animals. The complex cooperation of cells, tissues, and organs characteristic for whole animals is available in ovo but not in cell culture systems. For carcinogenicity testing, the pronounced proliferation of the embry-onic tissue is advantageous. The exogenous stimulation of regenerative proliferation in potential target tissues frequently introduced in animal experiments (36, 39) is not necessary in ovo. Although investigations on several potential target tissues of chemical carcinogens might be possible in ovo, the presented experiments focused on hepatic alterations, because the liver clearly is the favorite target in chemically induced carcinogenesis (17) and has been studied most extensively with respect to preneoplastic lesions. The in ovo administration of the hepatocarcinogens Nnitrosomorpholine and urethane induced focal alterations that were very similar to the focal lesions induced by the same chemicals in animal experiments in rodent liver (9) . The injection of DEN in fertile turkey eggs prior to incubation resulted in the occurrence of clear, acidophilic and basophilic hepatocellular foci. The doses used did not affect the mortality of the embryos or the embryo weight; however, a tendency toward an increased liver weight was observed.
Morphologically or enzymatically altered hepatocellular foci have been regarded as direct precursors of liver tumors in several animal models ( 1, 3, 8, 12, 23, 27, 30, 31, 45) . The heterogeneity of focal lesions observed in ovo corresponds to a similar heterogeneity in rodent liver (29, 33) . The sequential appearance and morphological features of foci with large glycogenotic cells and foci with small basophilic hepatoma-like cells were described 30 yr ago (4) . During the last few years, further subtypes of hepatocellular foci showing characteristic morphological or metabolic alterations have been found (3, 11) . Several stereological studies support a predominant developmental sequence from glycogenotic foci through mixed and basophilic cell foci to hepatomas (8, 27, (42) (43) (44) . This concept is further supported by the demonstration of a similar developmental sequence of metabolic alterations (7, 13) and of an ever-increasing cell proliferation (47). Since FAH induced in animal experiments have been proposed as end points in carcinogenicity testing, the occurrence of similar FAH in the in ovo model may also be used for screening purposes.
Foci of altered hepatocytes were observed after injection of 5 mg DEN per egg and, to a lesser extent, after 2 mg DEN. At both dose levels, altered hepatocytes with acidophilic cytoplasma as well as basophilic hepatocytes forming tubular structures were observed. In addition to the FAH surrounded by relatively normal parenchymal cells, these altered hepatocytes sometimes occupied large regions of the liver, enclosing islands of less altered hepatocytes.
The demonstration of decreased activity of glycogen phosphorylase was the most reliable enzyme histochemical marker in ovo. Similar to findings in rodents (13, 35) , the majority of the FAH showed a decreased activity of glycogen phosphorylase, underlining the importance of alterations of the glycogen metabolism during hepatocarcinogenesis. In addition, some FAH with normal or slightly increased activity of glycogen phosphorylase showed a more violet-tinged staining of the reaction product. A similar phenomenon was described in aged control rats (11) and in rats fed a choline-deficient diet (15) . Exposure of rats to a wide dose range of the potent hepatocarcinogen N-nitrosomorpholine induced glycogen storing and glucose-6-phosphate dehydrogenase positive FAH in a dose dependent manner but did not increase the incidence of glycogen phosphorylase hyperactive foci (Enzmann et al, in preparation). Therefore, the significance of the glycogen phosphorylase hyperactive FAH remains obscure.
The sensitivity of the in ovo model appears to be comparable to the sensitivity of lifetime studies in rodents. Lijinsky et al (22) found that 1.35 mg DEN per rat was sufficient for the induction of hyperplastic nodules in the liver and that a treatment with 2.7 mg DEN per rat resulted in a statistically significant increase in hepatocellular carcinomas after 130 wk. In ovo, 2 mg DEN per egg induced various types of FAH within 24 days.
Extrafocal alterations-affecting virtually the whole liver parenchyma-and their relation to hepatocarcinogenesis have been a matter of debate for years. The occurrence of tubular structures is a typical histological feature of adenoid hepatocellular tumors (34) but may also be observed in severely damage human liver (38, 40) .
In the present experiment, FAH were preferentially observed in samples with additional toxic alterations of the liver parenchyma. Therefore, the phenotype of the induced preneoplastic FAH may have been modulated by unspecific toxic effects. It is known from in vivo experiments that the interference of specific carcinogenic and unspecific toxic effects may result in a partial reversibility of focal and nodular lesions. This phenomenon was observed in various experimental models, usually after exposition to high doses inducing severe toxic parenchymal necrosis (26, 37, 46) . It is plausible that the FAH observed in the in ovo model after hepatotoxic doses of the carcinogen might exhibit similar phenomena if the experiments were continued for longer time periods. Although the significance of this (partial) reversibility remains obscure, a recently published, very detailed study in rats showed that there is no reversion to a normal state but a reversion-linked phenotypic instability that can be turned back to phenotypic changes related to progression after long lag periods (42, 43) .
We conclude that the FAH induced in ovo are reliable indicators of carcinogenicity, even if they were observed only after high doses and regardless of a possible phenotypic instability. Because FAH can be rapidly induced by a single dose of a carcinogen, we recommend the in ovo model for investigations on early stages of hepatocarcinogenesis and as a rapid and inexpensive screening approach for carcinogenicity testing. drogenase activity. Histochemistry 48 : 191-204. 17 
